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Solar activity, in which there is an explosive release of magnetic energy in the solar atmosphere, is one of the most spectacular 
manifestations of space plasma activity. Non-potential, free magnetic energy is accumulated by the interaction between plasma 
and magnetic fields in the photosphere and sub-photospheric layer. In the photosphere and lower solar atmosphere, plasma is only 
partially ionized and there is three-species (or three-fluid) plasma. Cowling conductivity should therefore be considered in ex-
plaining solar observations. On the other hand, the explosive release of magnetic energy is believed to be caused by magnetic 
reconnection in the corona, where plasma is fully ionized and essentially collisionless. However, for collisionless plasma, we 
seem to have no precise quantitative description or formulation of its conductivity. To physically understand magnetic reconnec-
tion in collisionless plasma is an important task in making further progress in solar activity studies. This article discusses the 
plasma perspective of solar activity studies. The discussion begins with solar observations, and then, an analysis of the plasma 
problems that we face and need to better understand. 
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The Sun is a laboratory for plasma physics. All known 
plasma processes occur within the Sun, in either the solar 
interior or atmosphere. On the other hand, fundamental 
problems in solar physics cannot be finally resolved without 
progress in plasma physics [1–3]. Two examples of prob-
lems in solar physics are coronal heating and solar wind 
acceleration: it remains unclear why the Sun’s corona is 
heated to millions of degrees and how the solar coronal 
plasma is accelerated to a speed of hundreds of kilometers 
per second. The physics involved in coronal heating and 
solar wind acceleration is universal in general astrophysics 
and space science. The solar corona consists of extremely 
hot and tenuous plasma with a penetration of complex solar 
magnetic fields. The same hot, tenuous, magnetized plasma 
is present throughout the universe. Waves, turbulence, mi-
croinstabilities, and the interaction of charged particles, 
magnetic fields and plasma waves play essential roles in the 
corona and solar wind environment [4]. This article does not 
deal with the above plasma problems but discusses plasma 
perspectives in solar activity studies; i.e., it asks: should we 
consider plasma kinetic processes in solar activity studies? 
Solar activity is an explosive release of magnetic energy 
in the solar atmosphere in the forms of solar flares, filament 
eruptions and coronal mass ejections [5]. There are two es-
sential questions regarding the origin of solar activity. First, 
how does the magnetic field in the solar atmosphere become 
strongly stressed or non-potential; i.e., what is the mecha-
nism by which magnetic energy accumulates in the solar 
atmosphere? Second, how is the accumulated magnetic en-
ergy in the solar atmosphere explosively released?  
Figure 1 illustrates a strong solar flare in the active re-
gion AR5395 which took place on March 10, 1989. This 
flare and the resulting disastrous space weather resulted in a 
power outage in Quebec, Canada for 9 hours. Superposed  
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Figure 1  The strong flare (bright ribbons and dark filament eruptions) on 
March 10, 1989. Superposed on the flare image are vector magnetic fields 
with contours for the line-of-sight field component and arrows for trans-
verse field components: white (black) contours for positive (negative) polari-
ty; green (red) arrows from (to) positive (negative) polarity. The yellow 
contours indicate the free magnetic energy density in the photosphere. The 
vector magnetograms were obtained as Huairou Solar Observing Station of 
National Astronomical Observatories, Chinese Academy of Sciences. 
on the flare image are vector magnetograms with contours 
for the line-of-sight field component and arrows for trans-
verse field components. The flare appeared within the west-
ern periphery of a huge positive sunspot and a dark filament 
eruption appeared within the sunspot’s eastern periphery. It 
is noted that the flare ribbons and plasma eruptions are 
closely related to the high magnetic free-energy density (see 
the thick yellow contours) in the photosphere where the 
negative magnetic flux intruded and squeezed into the posi-
tive flux of the main positive sunspot, forming severely 
curved magnetic interfaces. The magnetic field in the vicin-
ity of the flare ribbons was strongly sheared and observed to 
be parallel to the magnetic neutral line; i.e., the polarity 
reversal line. The complex magnetic configuration associ-
ated with this major flare is common to other flare-prolific 
solar active regions [6].  
The magnetic configuration and evolution associated 
with major flares can be described globally in the frame-
work of magnetohydrodynamics (MHD). Even so, to com-
pletely answer the questions that arise from observations of 
solar active phenomena, we need a thorough understanding 
of the plasma problems involved.  
The next section briefly describes the MHD presentation 
of magnetic energy accumulation and explosive release. 
Section 2 is devoted to an argument about what plasma 
perspectives of solar activity need to be considered. The 
final section discusses important future research efforts.  
1  MHD description of magnetic energy storage 
and release 
1.1  Common environment of magnetic explosions 
From a theoretical point of view, a magnetic energy buildup 
and explosive release are the natural course of magnetic 
field evolution in many objects of astrophysics and space 
science, such as the Earth’s magnetosphere, solar and stellar 
atmospheres, and accretion disks. The magnetic explosions 
in these different environments share common ingredients: 
a dense driver and a dilute magnetic corona [7].  
For the solar atmosphere, the dense driver is the photo-
sphere and the layers immediately below and above, which 
are referred to as the lower solar atmosphere in this paper. 
The driver is dynamically dominated by plasma flows and 
convection. The plasma property, , which is the ratio of 
gas pressure to magnetic pressure, is close to 1 in the lower 
atmosphere. The magnetic field and plasma are in vigorous 
interaction, creating magnetic complexity and excess mag-
netic energy. However, the dilute inner corona is magneti-
cally dominant with plasma  << 1, and the magnetic field 
in the corona is basically force-free. The driver and the co-
rona are coupled via the magnetic field that stems from the 
interior of the Sun and penetrates through the photosphere 
to the corona.  
In the case of magnetosphere activity, magnetic energy 
accumulates through the interaction of the solar wind and 
magnetosphere in the magnetopause, the driver, where  is 
close to 1. The explosive release of energy takes place in the 
domains of the ionosphere-magnetosphere-magnetotail [8], 
which is magnetically dominant. The magnetospheres of a 
solar active region and the Earth are compared in Figure 2, 
which is composed from diagrams of unified flare models 
and geomagnetic activity. It is of interest to note some 
overall similarity between an active region magnetosphere 
and the Earth’s magnetosphere.  
1.2  MHD description 
We assume that the solar atmosphere is a semi-infinite 
three-dimensional volume with the photosphere as the lower 
boundary layer. The photosphere is thus the open surface 
through which Poynting flux enters the atmosphere. There-
fore, the change in electromagnetic energy in a volume V is 
described as  
  d 1d d ,
d v s
W
E J v E B s
t       
      (1) 
where  is the magnetic permeability of free space, which is 
1.257106 H m1. The first term on the right represents the 
rate of change due to the work of the electric field on the 
electric currents within the volume, while the second repre-
sents the rate of change due to the inflow of Poynting ener-
gy flux. We further express the electromagnetic energy in-
flow through the photosphere by observable quantities as 
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Figure 2  (a) Magnetic configuration of an active region magnetosphere and a diagram of the standard flare model; (b) magnetic configuration of the 
Earth’s magnetosphere and a diagram of geomagnetic activity. The spatial scale has been adjusted to be roughly the same for both magnetospheres. The 
figure was made by combining the illustrations of the unified flare model (Kazunari Shibata) and magnetosphere model (Antonius Otto).  
where  is the magnetic diffusivity, and ‘’ and ‘z’ indicate 
the horizontal and vertical directions relative to the local 
solar surface. In principle, all quantities in the formula can 
be observationally determined. The physics included in eq. 
(2) is very clear. The energy input through the open surface 
of the system consists of three terms: (1) flux emergence, 
2
zB V , (2) shearing of the magnetic field by plasma flow, 
( ) zV B B 
 





      

. The formula is useful in interpreting the 
energy accumulation in solar active regions. Diffusion in 
the photosphere can transport magnetic energy into the up-
per atmosphere when the magnetic topology is favorable, 
for example the so-called ‘bald patches’ where the magnetic 
lines of force are concave upward. 
It is well known that the release of magnetic energy de-
pends on the topology complexity of the magnetic field. In 
terms of magnetic helicity, we can derive the complexity 
change in the magnetic system as [9] 
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where  is the electrical conductivity, A  is the vector po-
tential of B

, and Hc is the volume integral of current helic-
ity, which is defined by 
1
.ch B J 
 
 Again, the Ohmic 
diffusion term has not been ignored in deducing the equa-
tion. In the normal case for a rapidly growing solar active 
region, the last term on the right of eq. (3) can be neglected. 
However, we do not know if the active atmosphere has a 
region or regions of rapid diffusion of current helicity.  
In solar activity studies, it is believed that there is explo-
sive magnetic energy release in the corona through fast 
magnetic reconnection [10]. The magnetic reconnection in 
three dimensions is poorly known. Although the theory of 
two-dimensional reconnection is highly developed, many 
fundamental questions remain. The maximum reconnection 





  (4) 
is not a physically well-understood solution but derived by 
specifying the ratio of the diffusion-region inflow field to 
that at infinity [10]. On the other hand, in MHD numerical 
simulations, anomalous resistivity is often arbitrarily as-
sumed when the currents flowing in the corona reach a crit-
ical value. The physics behind this assumption is not clear 
[11]. However, indications of fast, impulsive reconnections 
are indeed observed in the higher solar atmosphere. Moreo-
ver, explosive magnetic reconnection has been studied with 
inspiring results in laboratories [12]. 
1.3  Questions 
The Ohmic diffusion terms have not been dropped from 
deduced eqs. (2) and (3) as in many MHD studies. The rea-
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son for this is that there is partially ionized plasma from the 
photosphere to the region of temperature minimum. The 
atmosphere there is basically neutral with an ionization de-
gree of only 103–104. The resistivity is much greater than 
for fully ionized plasma. Only if the plasma effects are tak-
en into adequate account can the MHD approaches be 
adopted in the lower atmosphere. 
When considering the explosive release of magnetic en-
ergy in the corona, we are dealing with collisionless plasma. 
Without some basic understanding of the turbulence and 
instabilities in the collisionless plasma, the magnetic explo-
sion in the corona cannot be satisfactorily understood. 
2  Plasma perspective  
2.1  Partially ionized plasma in the lower atmosphere 
The lower solar atmosphere (i.e. the photosphere and layers 
immediately above and below) has a very low ionization 
degree. Figure 3 shows the ionization degree of an updated 
model of the solar atmosphere [13]. In the minimum-tem-     
perature region, the ionization degree is only 104. The 
conductivity of fully ionized plasma cannot be used in this 
case. To deduce the electric conductivity in the partially 
ionized plasma, we follow Cowling [1] and adopt three- 
species fluid consisting of neutral atoms, electron, and ions. 
For a given position, when a coordinate system whose z axis 
is parallel to the magnetic field is chosen, from the equation 
of motion of the combined electrons and ions, we obtain 
general Ohm’s law in the form  
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 (6) 
where || and ⊥ are parallel and perpendicular conductivi-
ties that refer, respectively, to the currents parallel and per-
pendicular to the direction of the magnetic field, and T is 
the transverse or Hall conductivity that refers to the Hall 
current perpendicular to both the magnetic and electric 
fields [14]. All the conductivities are associated with the 
parameters of collision among the neutral atoms, electrons, 
and ions. In the following expressions, subscripts n, e, and i 
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collision interval for any two of the three species. The con-

































which can be readily estimated from the plasma parameters. 
Here, 0 is the scalar conductivity for fully ionized plasma. 
The conductivity in the partially ionized plasma follows the 
relation 0 > || > ⊥~T. We deduce the rate of current dis-
sipation (i.e., the rate of Ohmic diffusion) as 




J E J J  


          (8) 
where   is the tensor of resistivity (i.e., the inversion of 
the conductivity tensor), *  is the effective perpendicular 
conductivity, often called Cowling conductivity in the liter-
ature, and 
2




  . Before considering the applica-
tion of the above results to the lower atmosphere, we pre-
sent two discussions of interest.  
(i) When the magnetic field is weak, the conductivity 
tensor is isotropic and *0 I 

, where *0  is a scalar 
conductivity and *0 ||    . In this case, there is no 
Hall conductivity; i.e., 0.   The only revision of the 
conductivity comes from * 10 0 (1 )p    . We have ap-
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proximately for weakly ionized plasma 
 * 20 ,ZT   (9) 
where Z is the ionization degree of the atmosphere. A lower 
ionization degree means more collisions between charged 
particles with neutral atoms, which would seriously reduce 
conductivity. 
(ii) When the magnetic field is non-negligible, the paral-
lel conductivity is not affected by the presence of the mag-
netic field, but there is a strong modification of perpendicu-
lar and Cowling conductivity. When the contribution of q is 
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The perpendicular and Cowling conductivity would be 
much less than the fully ionized scalar conductivity. 
Wang [14] estimated conductivity in the partially ionized 
solar atmosphere based on a few earlier solar atmospheric 
models. The preliminary conclusions are as follows. (1) The 
Ohmic diffusion in the lower atmosphere cannot be ignored, 
and the conductivity in the zone of temperature minimum 
might be small enough to account for the rate of flux disap-
pearance in the observed flux cancellation [15]. (2) If there 
is any mechanism or mechanisms to generate perpendicular 
electric currents, the Ohmic diffusion would be fast enough 
to heat the atmosphere or even trigger activity in virtue of 
very low Cowling conductivity. New estimations by adopt-
ing the updated atmosphere models and more carefully de-
ducing conductivity in partially ionized plasma are needed. 
A detailed discussion on partially ionized plasma can be 
found in Parker [16]. 
Ji and Song [17] and Ji et al. [18,19] studied magnetic 
reconnection in partially ionized plasma. These authors 
recognized that owing to the finite resistivity near the cur-
rent sheet, the “usual MHD description must fail, and we 
need another theory to join in, such as a kinematic descrip-
tion, to account for violent phenomena (e.g., Ellerman 
bombs and type II white light flares) that occur in the Sun’s 
lower atmosphere”. They interpreted the observed magnetic 
flux cancellation by the magnetic reconnection in the par-
tially ionized plasma. 
Arber et al. [20] studied the emergence of a flux tube 
through a partially ionized solar atmosphere. They recog-
nized that for a magnetic flux tube, or any magnetic flux, to 
emerge into the solar corona from the convection zone, it 
must pass through the partially ionized layers of the lower 
atmosphere: the photosphere and the chromosphere. In such 
regions, collisions with neutral atoms increase the resistivity 
for currents flowing across magnetic field lines, as illus-
trated earlier by Wang [14]. These authors declared that 
simulations of flux emergence should include such a neutral 
layer to obtain the correct perpendicular current, remove the 
Rayleigh-Taylor instability, and obtain the correct tempera-
ture profile.  
2.2  Collisionless plasma in the corona 
The conditions of the average corona are given in Table 1 
with some key plasma quantities [2]. The density is lower 
and the collisions become fewer in the corona so that the 
mean-free path for binary collision between particles be-
comes much greater than the characteristic scale L of the 
system. Both the plasma parameter and the Lundquist num-
ber are very large. Therefore, the plasma in the corona is 
essentially collisionless. Completely collisionless plasma is 
found in solar wind and the Earth magnetosphere [10]. The 
resistivity of collisionless plasma can be ignored in the 
macroscopic dynamics of the global scale L. However, as 
Schindler [2] argued, the resistive processes associated with 
scales much smaller than L might play an important role in 
the system. The coronal plasma cannot strictly be treated 
with traditional MHD. Although this has been widely un-
derstood by solar astronomers, fewer advances have been 
made for a complete description of collisionless plasma in 
the corona in solar activity studies. An accurate description 
of collisionless plasma is not presented in this paper owing 
to the restricted scope of the paper and knowledge of the 
author.  
The so-called standard flare model suggests that the 
magnetic explosion in solar flares and CMEs is caused by 
explosive magnetic reconnection in the corona. However, 
the reconnection should require greatly enhanced resistivity. 
It is still an open question: what is the origin of the en-
hanced resistivity in the small-scale structure, e.g., current 
sheets, in collissionless plasma and what initiates this ex-
plosive magnetic reconnection [21].  
From an observational point of view, Moore and Roume-
liotis [22] and Wang and Shi [15] considered the coupling 
of the lower atmosphere and higher atmosphere by the 
magnetic field that would tie together the charged particles 
in the plasma. They argued for the important role of slow 
reconnection in the lower atmosphere of finite conductivity 
in creating the conditions for the fast reconnection in the 
collisionless corona. Wang and Shi proposed a two-step re-
connection scenario, according to which slow reconnection 
in the lower atmosphere would finally result in explosive 
reconnection in the corona. Moore and Roumeliotis clearly 
stated that reconnection in the lower atmosphere would 
trigger explosive magnetic reconnection in the dilute corona 
[22]. Tsurutani et al. [8] proposed two-step reconnection 
models for both the solar flare and magnetosphere substorm. 
However, all these authors failed to provide criterion condi-
tions for triggering the magnetic explosion in the coronal  
Table 1  Plasma parameters in the coronaa) 
Te (K) L (m) B (T) n (m3) p (s1) le (L) ei (s) p S 
2106 3107 1102 11015 2109 2102 7102 1108 51014 
a) le, the electron mean free path, p, plasma parameter, S=D/A, 
Lundquist number. 
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collisionless plasma. How does the reconnection with colli-
sional resistivity in the partially ionized plasma result in the 
explosive reconnection in collisionless plasma? This ap-
pears to be an essential question in the studies of space 
plasma activities.  
It is noticed that both two types of magnetic reconnection, 
collisional and collisionless, have been well identified 
through numerail and laboratory simulations [12,23]. It has 
been revealed that the reconnection rate in collisionless 
plasma depends on the plasma  and the thickness of the 
diffusion region. In a simulation of steady state Hall MHD 
reconnection, the “two-step reconnection” behavior has 
been identified and illustrated [24]. With the increase of the 
scaling parameter di/Lc, in which di is the ion inertial length 
and Lc is the width of Harris current sheet, there appears a 
transition from the scheme of classical resistivity-dependent 
reconnection to that of collisionless fast reconnection. As-
sume = 0.5 and adopt a flux inflow Vin > 0.01, when di  
Lc the dimensionless reconnection rate is 0.015 and it is 
only related to the resistivity. However, when Lc10di, the 
collisionless Hall effect becomes dominant, and the recon-
nection rate increases, which only depends on the thickness 
of current sheet and plasma beta (see Figures 1 and 2 in 
[24]). In a well-scaled laboratory experiment, the mega- 
gauss-scale magnetic field, produced by interaction of a 
high-intensity laser with plasma, manifests a magnetic re-
connection topology [25]. The topology is similar to the 
general magnetic environment for solar flares. In the setup 
of the experiment the ionization degree is not very high and 
the plasma  has large and rapid changes. It is very inter-
esting to see the central collisionless reconnection and that 
with collision in the outskirts. In the collisionless reconnec-
tion ions become decoupled from electrons on scale of ion 
inertial length. 
An accurate understanding of magnetic reconnection in 
collisionless plasma requires a reliable treatment of the re-
sistivity in terms of the generalized Ohmic law within the 
framework of the Vlasov regime. Early in the 1970s general 
Ohm’s law was given [26]. Here we adopt the detailed ver-
sion in Schindler [2] with a slight modification, as   
(add)1
,e e ee e e
e e e
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spectively, the current density and plasma bulk flow veloci-
ty, and (add)eM  is an additional term leading to the momen-
tum transfer between electrons and ions. The right side of 
the equation represents the non-ideal terms: from left to 
right are the pressure term, the generalized Hall term, the 
electron inertia term, and the resistive term due to elec-
tron-ion momentum transfer. In deduction this equation, the 
quasi-neutrality and e im m  are assumed. Eq. (11) pro-
vides a framework to deal with resistivity. When the binary 











for the collisional plasma. In the collisionless plasma, mi-
croturbulence is the main cause of resistance. From a mac-
roscopic point of view, the integrative effect of the micro-
turbulence may be the cause of turbulent or collective 
















 are parallel. We then have 
the turbulent or collective resistivity turb . However, the 
accurate description of (turb)eM

 is generally not known. Ei-
ther the collision resistivity or the turbulent resistivity is 
associated with the fluctuation of the electric field that in-
duced momentum transfer between electrons and ions. The 
most difficult task is getting reliable knowledge of the fluc-
tuations in the collisionless plasma.  
The observational diagnosis and theoretical study of 
plasma instabilities, in particular, the instabilities that lead 
to microturbulence in the collisionless plasma, is of particu-
lar importance in future solar studies. The importance lies 
not only in the studies of magnetic explosions in the corona 
but also in the fundamental research on coronal heating. So 
far we have examined the case of partially ionized plasma 
but have no enough knowledge about the resistivity associ-
ated with the magnetic explosion in collisionless plasma. 
There is little consensus on the processes that result in the 
non-idealness, i.e., break the fronzen-in condition in colli-
sionless reconnection. A question is whether there appears 
enhanced resistivity or there are processes to free plasma 
from slavery by the magnetic field [27].  
3  Future efforts 
Solar astronomers now have great opportunities and chal-
lenges in solar activity studies. With the Solar Optical Tel-
escope aboard Hinode [28], we can observed the solar vec-
tor magnetic field with unprecedented spatial resolution and 
adequate polarization sensitivity. Moreover, full-disk Dop-
pler images and vector magnetograms have been obtained 
with the Helioseismic and Magnetic Imager onboard the 
Solar Dynamics Observatory with high cadence, consistent 
sensitivity and continuous temporal coverage [29]. This is 
the first time that solar astronomers can observe the Sun’s 
magnetism and magnetohydrodynamic processes in great 
detail. Furthermore, the Atmospheric Imaging Assembly 
aboard the Solar Dynamics Observatory provides multiple 
simultaneous high-resolution full-disk images of the corona 
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and transition region up to 0.5R above the solar limb with 
1.5-arcsec spatial resolution and 12-second temporal resolu-
tion [30]. We now have good facilities to diagnose coronal 
plasma. In the future, imaging spectrograph from space will 
be a more powerful tool in the diagnosis of plasma properties. 
From an observational point of view, a few efforts will 
be important. First, matching the vector magnetic field ob-
servations with atmospheric structures in multiple-temper-    
ature domains will provide clues on how the magnetic field 
ties the plasma together and couples the atmosphere from 
the photosphere and chromosphere to the corona. Secondly, 
identifying the magnetic connectivity in active region scale 
and also in large or even global scale will help obtain an 
accurate understanding of the accumulation and release of 
magnetic energy through the evolution and interaction of 
multi-flux systems, and help obtain a true picture of mag-
netic reconnection. Thirdly, diagnosing the plasma proper-
ties and instabilities with multi-wavelength spectral and 
imaging observations will lead to better knowledge of the 
turbulent resistivity and the triggering of the release of ex-
plosive magnetic energy during solar activity.  
From a theoretical point of view, future progress in solar 
activity studies cannot be made without significant advanc-
es in plasma physics. As we discussed previously, for either 
partially ionized plasma or hot and dilute collisionless plasma, 
traditional MHD treatment is not sufficient. We solar as-
tronomers should work with plasma physicists to identify 
the key plasma problems behind detailed observations and 
learn the newest results of their numerical simulations and 
laboratory experiments.  
We are fully aware that in the foreseeable future it will 
be difficult to completely resolve the problems, raised in 
this paper. MHD theory with input of kinetic plasma theory 
would provide a basic theoretical framework for under-
standing the physics of solar and astrophysical magnetic 
activity. MHD theory and kinetic plasma theory are seen to 
serve as the two wings of current solar and space research.  
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